. Nitric oxide mediates hypoxia-induced changes in paracellular permeability of cerebral microvasculature. Am J Physiol Heart Circ Physiol 286: H174-H180, 2004. First published September 4, 2003 10.1152/ajpheart.00669. 2002-Ischemic stroke from a reduction in blood flow to the brain microvasculature results in a subsequent decreased delivery of oxygen (i.e., hypoxia) and vital nutrients to endothelial, neuronal, and glial cells. Hypoxia associated with stroke has been shown to increase paracellular permeability of the blood-brain barrier, leading to the release of cellular mediators and brain tissue injury. Whereas reperfusion does not occur in all ischemic strokes, increased permeability has been seen in posthypoxic reoxygenation. Currently, it is unknown whether these deleterious effects result from cellular mechanisms stimulated by decreased oxygen during stroke or posthypoxic reoxygenation stress. This study used primary bovine brain microvessel endothelial cells (BBMECs) to examine the involvement of nitric oxide (NO) as a mediator in hypoxia-induced permeability changes. Hypoxia-induced increased transport of [ 14 C]sucrose across BBMEC monolayers compared with normoxia was attenuated by either posthypoxic reoxygenation or inhibition of NO synthase (NOS). The hypoxia-induced permeability effect was further reduced when NOS inhibition was combined with posthypoxic reoxygenation. Additionally, a significant increase in total NO was seen in BBMECs after hypoxic exposure. This correlation was supported by the increased [ 14 C]sucrose permeability observed when BBMECs were exposed to the NO donor diethylenetriaamine NONOate. Western blot analyses of NOS isoforms showed a significant increase in the inducible isoform after hypoxic exposure with a subsequent reduction in expression on reoxygenation. Results from this study suggest that hypoxia-induced blood-brain barrier breakdown can be diminished by inhibition of NO synthesis, decreased concentration of NO metabolites, and/or reoxygenation. nitric oxide synthase; blood-brain barrier; endothelial; reoxygenation THE ENDOTHELIAL CELLS of the cerebral microvasculature form the blood-brain barrier (BBB), which protects the sensitive neuronal and glial cells from peripheral circulating mediators and toxic substances. Whereas it is well known that hypoxic stress leads to ion imbalance, ATP depletion, neurotransmitter release, and neuronal cell death, controversy exists as to whether the tissue injury is due to hypoxic stress itself or posthypoxic reoxygenation (1, 13, 28, 30, 45) . The response of brain microvessel endothelial cells to hypoxic insult is currently not well understood. Previously, we demonstrated that increased paracellular permeability in brain microvessel endothelial cells following exposure to hypoxic stress was attenuated on reoxygenation (30). Whereas these changes were associated with alterations in tight junctional protein expression and localization, the underlying intracellular mechanisms that produce this increased permeability remain relatively undefined.
2002.-Ischemic stroke from a reduction in blood flow to the brain microvasculature results in a subsequent decreased delivery of oxygen (i.e., hypoxia) and vital nutrients to endothelial, neuronal, and glial cells. Hypoxia associated with stroke has been shown to increase paracellular permeability of the blood-brain barrier, leading to the release of cellular mediators and brain tissue injury. Whereas reperfusion does not occur in all ischemic strokes, increased permeability has been seen in posthypoxic reoxygenation. Currently, it is unknown whether these deleterious effects result from cellular mechanisms stimulated by decreased oxygen during stroke or posthypoxic reoxygenation stress. This study used primary bovine brain microvessel endothelial cells (BBMECs) to examine the involvement of nitric oxide (NO) as a mediator in hypoxia-induced permeability changes. Hypoxia-induced increased transport of [ 14 C]sucrose across BBMEC monolayers compared with normoxia was attenuated by either posthypoxic reoxygenation or inhibition of NO synthase (NOS). The hypoxia-induced permeability effect was further reduced when NOS inhibition was combined with posthypoxic reoxygenation. Additionally, a significant increase in total NO was seen in BBMECs after hypoxic exposure. This correlation was supported by the increased [ 14 C]sucrose permeability observed when BBMECs were exposed to the NO donor diethylenetriaamine NONOate. Western blot analyses of NOS isoforms showed a significant increase in the inducible isoform after hypoxic exposure with a subsequent reduction in expression on reoxygenation. Results from this study suggest that hypoxia-induced blood-brain barrier breakdown can be diminished by inhibition of NO synthesis, decreased concentration of NO metabolites, and/or reoxygenation. nitric oxide synthase; blood-brain barrier; endothelial; reoxygenation THE ENDOTHELIAL CELLS of the cerebral microvasculature form the blood-brain barrier (BBB), which protects the sensitive neuronal and glial cells from peripheral circulating mediators and toxic substances. Whereas it is well known that hypoxic stress leads to ion imbalance, ATP depletion, neurotransmitter release, and neuronal cell death, controversy exists as to whether the tissue injury is due to hypoxic stress itself or posthypoxic reoxygenation (1, 13, 28, 30, 45) . The response of brain microvessel endothelial cells to hypoxic insult is currently not well understood. Previously, we demonstrated that increased paracellular permeability in brain microvessel endothelial cells following exposure to hypoxic stress was attenuated on reoxygenation (30) . Whereas these changes were associated with alterations in tight junctional protein expression and localization, the underlying intracellular mechanisms that produce this increased permeability remain relatively undefined.
Whereas increased paracellular permeability has been reported following hypoxia (1, 9, 14, 30) and posthypoxic reoxygenation (43, 48) , cellular mechanisms leading to changes in permeability induced by ischemia-reperfusion are under investigation. The formation of nitric oxide (NO) has been implicated in tissue damage following sustained hypoxia such as that seen in ischemic stroke or high-altitude exposure (6, 38, 46) . Additionally, NO has been associated with increased paracellular permeability of cerebral microvasculature during hypertension (32) . Whereas NO has been implicated in hypoxia-induced BBB permeability changes (13) and in posthypoxic reoxygenation alterations (22, 31, 45) , it is unclear whether hypoxic stress or posthypoxic reoxygenation produces fluctuations in NO and ultimately alterations in the BBB. Furthermore, it is important to understand how NO signaling is involved in BBB permeability changes during hypoxia and posthypoxic reoxygenation to treat or prevent brain tissue damage that occurs in ischemic stroke and/or high-altitude exposure.
NO is primarily synthesized from oxygen and arginine by NO synthase (NOS). Studies using knockout mice have shown, in the middle cerebral artery occlusion model, that NO formation from either the neuronal (nNOS) or inducible (iNOS) isoform of NOS is detrimental to cerebral tissue, whereas NO from the endothelial (eNOS) isoform is generally beneficial to cerebral tissue (20, 41) . Whereas NOS isoforms are different based on tissue and cellular location (i.e., membrane bound or cytoplasmic) and necessary cofactors, modulation of NOS isoform synthesis or activity results in altered NO formation. NO has a variable half-life, of which its breakdown is dependent on several factors, including its inherent concentration, oxygen levels heme proteins, reactive oxygen species (ROS), and the tissue microenvironment. Changes in NO levels or NOS isoforms may induce secondary signaling pathways or morphological changes that underlie the observed increase in paracellular permeability.
Previously, we (30) showed increased paracellular permeability following hypoxic exposure that is partially attenuated on reoxygenation. The present study turns to examining changes in permeability with NOS inhibition, alterations in NOS isoform expression, and total NO levels occurring in the cerebral microvessel endothelial cells under hypoxic stress and posthypoxic reoxygenation. Data presented here support the hypothesis that BBB disruptions induced by hypoxic stress are in part dependent on changes in NO production and/or degra-dation. Furthermore, recovery of BBB function following posthypoxic reoxygenation and/or NOS inhibition indicates a possible therapeutic approach in the treatment of ischemic stroke and/or high-altitude exposure.
MATERIALS AND METHODS

Materials.
Transwell polyester membrane inserts, minimal essential medium (MEM), and Ham's F-12 media were purchased from Fisher Scientific (St. Louis, MO). N -nitro-L-arginine methyl ester (L-NAME), bovine fibronectin, bovine serum albumin, and equine serum were purchased from Sigma Chemical (St. Louis, MO). N- [3-(aminomethyl) benzyl]acetamidine (1400W) was purchased from Cayman Chemicals (Ann Arbor, MI). Rat tail collagen (type I) was purchased from Collaborative Biomedical Products (Medford, MA). Bicinchoninic acid (BCA) protein assay kit was purchased from Pierce (Indianapolis, IN). Radioactive [
14 C]sucrose (462 mCi/mol specific activity) was purchased from ICN (Irvine, CA). Tris-glycine gels (4-12%) were purchased from Invitrogen (Carlsbad, CA). All other nutrients, salts, and antibiotics used in the culture media or assay buffers were of cell culture quality from Sigma Chemical.
Antibodies. Rabbit polyclonal eNOS (135 kDa) and iNOS (130 kDa) antibodies documented to react with most mammalian species were purchased from Cayman Chemicals (Ann Arbor, MI). AntieNOS is directed against amino acids 1186-1203 of human eNOS and shows no cross-reactivity with iNOS. Similarly, anti-iNOS, directed against NOS from activated macrophages, shows no cross-reactivity with eNOS. Anti-rabbit (IgG) horseradish peroxidase-conjugated secondary antibodies were purchased from Amersham Life Science Products (Arlington Heights, IL).
Isolation and culturing of bovine brain microvessel endothelial cells. Fresh bovine brains were obtained from the University of Arizona Animal Services. Primary bovine brain microvessel endothelial cells (BBMECs), used as an in vitro BBB model, were collected from gray matter of bovine cerebral cortices by using a combination of enzymatic digestion and centrifugal separation methods as previously described (33) . BBMECs were seeded (50,000 cells/cm 2 ) on collagen-coated, fibronectin-treated 75-cm 2 tissue culture flasks or 12-well Transwell polyester membrane inserts (0.4 m pore/12 mm diameter). Culture medium consisted of the following: 45% MEM, 45% Ham's F-12 nutrient mix, 10 mM HEPES, 13 mM NaHCO 3, 50 g/ml gentamicin, 10% equine serum, 2.5 g/ml amphotericin B, and 100 g/ml heparin. Cell cultures were grown in a humidified 37°C incubator with room air-5% CO 2, and culture medium was replaced every other day until the BBMEC monolayers reached confluency (ϳ12-14 days).
Hypoxia and reoxygenation treatment. Confluent BBMEC monolayers were subjected to normoxic, hypoxic, or posthypoxic reoxygenation conditions as previously described (30) . Briefly, hypoxic BBMEC monolayers were exposed to reduced oxygen (1% O 2) for 24 h at 37°C by using a humidified hypoxic workstation (Coy Laboratories; Grass Lake, MI). After 24 h of hypoxia treatment, the reoxygenation treatment group was returned to normoxic conditions at 37°C for 2 h. BBMEC monolayers exposed to hypoxia were used to assess paracellular permeability, total NO production, and protein expression (measured using Western blot analyses). Changes in BBMEC monolayers following these treatment protocols were compared with control monolayers incubated under normoxic conditions (room air-5% CO 2) for 24 h at 37°C.
Treatment with NOS inhibitors. To investigate the involvement of NO following hypoxia or posthypoxic reoxygenation-induced effects, L-NAME was used to nonselectively inhibit NOS isoforms, and 1400W was used to selectively inhibit iNOS. L-NAME and 1400W were dissolved in PBS before being diluted to a final concentration of 100 nM in culture medium. BBMECs were treated with L-NAME or 1400W 30 min before and throughout the exposure period (i.e., normoxic, hypoxic, and posthypoxic reoxygenation).
Treatment with NO donors. To investigate whether NO directly effects increased BBB permeability, BBMECs monolayers were treated with S-nitroso-N-acetyl-DL-penicillamine (SNAP, 30 M; t1 ⁄2 ϭ 6 h) or diethylenetriaamine NONOate (DETA-NONOate, 10 or 100 M; t1 ⁄2 ϭ 20 h) to assess permeability changes. Both compounds were purchased from Cayman Chemicals and prepared according to specifications, with SNAP being dissolved in 1 N NaOH to make a stock solution of 3 mM, and DETA-NONOate was dissolved in deoxygenated PBS to make a stock solution of 1 mM before being diluted with culture medium for the experimental concentrations. BBMEC monolayers treated with NO donors were incubated under normoxic conditions for 6 or 24 h at 37°C and compared with control monolayers (culture medium alone).
Gas analysis of cell culture medium. PO2 (in mmHg) was measured in the cell culture medium after exposure of BBMEC monolayers to normoxic (control), hypoxic, or posthypoxic reoxygenation conditions, with and without NOS inhibitor treatment, using an ABL505 (Radiometer; Copenhagen, Denmark).
BBMEC monolayer permeability experiments. After exposure to treatment conditions, i.e., NOS inhibitors, NO donors, normoxic, hypoxic, or posthypoxic reoxygenation conditions, confluent BBMEC monolayers were incubated with assay buffer consisting of (in mM) 122 NaCl, 3 KCl, 1.4 CaCl2, 1.2 MgSO4, 25 NaHCO3, 10 HEPES, 10 glucose, and 0.4 K 2HPO4 for 30 min at 37°C under the same oxygen conditions. Paracellular permeability across BBMEC monolayers was determined by measuring the transport of the membrane-impermeant marker [ 14 C]sucrose. Briefly, [ 14 C]sucrose (0.5 Ci) was added to the luminal side (upper compartment of the Transwell), and samples (50 l) were removed from the abluminal side (lower chamber of the Transwell) at 0, 30, 60, and 120 min. The volume withdrawn was replaced with fresh assay buffer. The concentration of [
14 C]sucrose applied to the luminal side (donor chamber) was determined by removing samples (50 l) at time 0. The amount of radioactivity was determined by using a Beckman LS5000 TD beta-counter. Permeability coefficients (PC) for [
14 C]sucrose were expressed as previously described (11) where V is the volume in the receiver chamber (1.5 cm 3 ), SA is the surface area of the cell monolayer (1 cm 2 ), Cd is the concentration of marker in the donor chamber at time 0, and C r is the concentration of marker in the receiver chamber at time T
Enzyme immunoassay for total NO. Total NO release was determined by measuring the accumulation of NO, nitrite (NO 2 Ϫ ), and nitrate (NO 3 Ϫ ) in the extracellular medium by the Greiss method by using a total NO assay kit (R&D Systems; Minneapolis, MN). After treatment of BBMECs with L-NAME or culture medium alone during exposure to normoxia, hypoxia, or posthypoxic reoxygenation, extracellular medium was removed (under treatment conditions) for analysis. NO and NO 3 Ϫ were converted to NO 2 Ϫ by mixing samples with NADPH and nitrate reductase and incubating at 37°C for 30 min. An equal volume of Greiss reagent [sulfanilamide and N-(1-napthyl)ethylenediamine in 2 N HCl] was added to each sample and incubated at room temperature for 10 min to produce an azo-dye product. The optical density of each sample was read spectrophotometrically at 540 nm against a NaNO2 standard curve with a detection limit of 3.12 M. Results were expressed as micromoles per milligram of protein to normalize for cell number, where the cellular protein was determined by using the BCA assay. Total NO was also measured in the culture medium alone and with L-NAME (100 nM) under normoxic and hypoxic conditions to assess the contribution of NO from media without cells.
Western blot protein analysis. After exposure to normoxia, hypoxia, or posthypoxic reoxygenation alone and in combination with L-NAME treatment, protein was isolated from treated BBMEC monolayers using the TRI reagent protocol (Sigma). Briefly, protein was separated from RNA and DNA by chloroform and ethanol extraction and then precipitated by using isopropanol followed by washes with guanidinium HCl-95% ethanol before dissolution in 1% SDS. Protein was quantified by using the BCA protein assay.
Protein samples (20 g) were separated by using an electrophoretic field on Novex 4-12% Tris-glycine gels at 125 V for 75-90 min. The proteins were transferred to polyvinylidene fluoride membranes with 240 mA at 4°C for 30 min. Membranes were blocked using 5% nonfat milk-Tris-buffered saline (TBS: 20 mM Tris base and 137 mM NaCl, pH 7.6) with 0.1% Tween 20 and were incubated overnight at 4°C with primary antibodies (1:1,000-1:2,000 dilution) in PBS-0.5% BSA. The membranes were washed with 5% nonfat milk-TBS buffer before incubation with the appropriate secondary antibody (in PBS-0.5% BSA) at a 1:2,000 dilution for 30 min at room temperature. Membranes were developed by using the enhanced chemiluminescence method (ECL; Amersham), and protein bands were visualized on X-ray film (Kodak; Rochester, NY). Scion Image software (courtesy of National Institutes of Health) was used for semiquantitative analysis of protein expression, and the results were normalized to the amount of protein loaded.
Data analysis. Statistical analyses of the data were done using one-way and two-way analysis of variance with Tukey's multirange post hoc comparison of the means (SigmaStat; SPSS).
RESULTS
Gas analysis of treated BBMECs. PO 2 (in mmHg) levels were measured in the culture medium of BBMEC monolayers subjected to hypoxic and posthypoxic reoxygenation conditions in the presence and absence of NOS inhibitor and were compared with normoxic controls. Within 10 min of hypoxic exposure, culture medium PO 2 levels dropped significantly (35-52 mmHg) and remained level throughout the exposure period with a rapid return in PO 2 to control levels (139-156 mmHg) on reoxygenation. There was no difference in PO 2 levels of the culture medium with the NOS inhibitor compared with the culture medium alone.
Paracellular permeability of [ 14 C]sucrose in BBMECs. There was a significant effect of oxygen concentration on the BBMEC monolayer permeability [F 2,116 ϭ 77.14; P Ͻ 0.001]. An increase in [ 14 C]sucrose permeability was observed in BBMEC monolayers exposed to hypoxia compared with normoxia (11.10 vs. 4.79 cm/min ϫ 10 Ϫ4 , respectively; Fig. 1 ). Reoxygenation showed an attenuating effect (51%) compared with the hypoxia-induced increased permeability (7.87 vs. 11.10 cm/min ϫ 10 Ϫ4 , respectively). Inhibition of NO synthesis by L-NAME, a nonselective NOS inhibitor, or 1400W, an iNOS-selective inhibitor, had a significant attenuating effect on the hypoxia-induced permeability changes. This is apparent with the 50% reduction in permeability of L-NAME-treated monolayers and the 36% reduction in 1400W-treated monolayers compared with controls after hypoxic exposure (8.28 and 8.85 compared with 11.10 cm/min ϫ 10
Ϫ4
, respectively; Fig. 1 ). Furthermore, BBMEC monolayers treated with L-NAME or 1400W showed a synergistic reduction (73% and 79%, respectively) in hypoxia-induced permeability effects when combined with 2 h posthypoxic reoxygenation (6.52 or 6.17 compared with 11.10 cm/min ϫ 10 Ϫ4 , respectively). As previously reported, these permeability changes are not due to changes in cell viability (30) .
Release of total NO from BBMECs. Changes in total NO released from confluent BBMEC monolayers during hypoxic and posthypoxic reoxygenation exposure were compared with NO released under normoxic conditions. Whereas a low concentration of NO (Ͻ20%) was detected in the culture medium itself (i.e., no BBMECs), there was no difference between the culture medium alone or with L-NAME. Furthermore, there was no difference between media exposed to normoxic or hypoxic conditions (data not shown). In contrast, a significant increase in total NO released from BBMECs was observed after hypoxic exposure (P Ͻ 0.001; Table 1 ). Posthypoxic reoxygenation resulted in a 58% reduction in total NO levels compared with BBMEC monolayers under hypoxic conditions. There was also a significant reduction (50%, P Ͻ 0.001) in total NO levels from BBMECs pretreated with L-NAME compared with the monolayers in the culture medium alone during hypoxic exposure. Although this NOS inhibitor had an attenuating effect in hypoxia-induced NO levels, L-NAME itself had a stimulating effect on NO release with basal levels increasing 47% compared with normoxic controls (Table 1) .
Permeability in NO donor-treated BBMEC monolayers. There was a significant effect of both NO donor and time of exposure in [
14 C]sucrose permeability across treated BBMEC monolayers ( Fig. 2; F 3 ,40 ϭ 7.881, P Ͻ 0.001). Confluent monolayers treated to the NO donor SNAP showed no difference in permeability at either 6 or 24 h of exposure when compared with control. In contrast, BBMECs exposed to the longer-acting NO donor DETA-NONOate showed a significant increase in permeability at 24 h with both concentrations (10 -nitro-L-arginine methyl ester (L-NAME, 100 nM); hatched bars, monolayers treated with a selective inhibitory NOS (iNOS) inhibitor (1400W, 100 nM). Results are means Ϯ SE with n ϭ 15. Data were analyzed using two-way ANOVA with Tukey's post hoc comparison: *P Ͻ 0.05, **P Ͻ 0.001 compared with normoxic condition; #P Ͻ 0.05, ##P Ͻ 0.001 compared with hypoxic condition;^P Ͻ 0.05,^^P Ͻ 0.001 compared with treatment control. F2,116 ϭ 77.14 and P Ͻ 0.001 for differences based on changes in oxygen, F2,116 ϭ 8.938 and P Ͻ 0.001 for differences based on NOS inhibition, and F4,108 ϭ 3.002 with P Ͻ 0.05 for interaction between oxygen level and inhibitor. n.d., Not determined. and 25 M), whereas only the higher concentration (25 M) had an effect at 6 h (Fig. 2) .
Western blot analysis of NOS proteins. Expression of iNOS and eNOS isoforms was examined after exposure to normoxic (CN; 24 h), hypoxic (CH; 24 h), or posthypoxic reoxygenation (CHR; 2 h) conditions and after pretreatment with L-NAME (LN, LH, and LHR, respectively). Western blot analysis of eNOS protein expression showed no difference in BBMECs exposed to hypoxia or posthypoxic reoxygenation compared with the normoxic group (Fig. 3A) . In contrast, a significant increase (P Ͻ 0.05) in iNOS protein expression was observed in hypoxia-treated BBMECs compared with normoxic controls (Fig. 3B) . Dissimilar from control BBMECs (culture medium alone), those pretreated with L-NAME before exposure to normoxia, hypoxia, and posthypoxic reoxygenation showed changes in expression of both eNOS and iNOS. Most notable is the increase in basal level expression of iNOS on treatment with L-NAME under normoxic conditions (Fig. 3B) .
DISCUSSION
Using primary BBMECs as an in vitro BBB model, we examined whether the NO pathway was involved in permeability changes seen after hypoxia and posthypoxic reoxygenation. This study describes three major findings. First, BBMECs exposed to hypoxic conditions demonstrated an increased paracellular permeability that was significantly attenuated by either reoxygenation or inhibition of NOS. To our knowledge, this is the first report where NOS inhibition in combination with posthypoxic reoxygenation resulted in complete attenuation of hypoxia-induced permeability changes in brain microvessel endothelial cells. Second, the hypoxia-induced increase in permeability paralleled a significant increase in total NO levels. Finally, changes in permeability and total NO levels after exposure to hypoxic conditions were linked to similar changes in total protein expression of iNOS with little change in eNOS.
Similar to our previous observations (30), Fig. 1 shows a 2.3-fold increase in [ 14 C]sucrose permeability of BBMEC Data represent means Ϯ SE (in nmol/mg protein); n ϭ 9. BBMECs, bovine brain microvessel endothelial cells; L-NAME, N -nitro-L-arginine methyl ester. Data analysis was done using two-way ANOVA and Tukey's post hoc comparison: *P Ͻ 0.01 compared with normoxic control; †P Ͻ 0.05 and ‡P Ͻ 0.001 compared with respective control. Nitric oxide in culture medium without cells was Ͻ20% of that in culture medium from BBMECs independent of treatment.
Fig. 3. Western blot analysis of NOS isoforms [endothelial NOS (eNOS) and iNOS] in
BBMECs after hypoxic exposure. Confluent BBMEC monolayers were exposed to normoxic (24 h, CN), hypoxic (24 h, CH), or posthypoxic reoxygenation (2 h, CHR) conditions. Similarly, monolayers were treated with L-NAME (100 nM) under similar conditions (LN, LH, and LHR, respectively). Western blot analyses for expression of eNOS (130 kDa; A) and iNOS (135 kDa; B) were performed on protein from cell lysates following treatment. Protein expression of the isoforms was normalized to the amount of protein loaded. Inset, representative Western blots with associated histograms for semiquantitative analysis of protein changes (n ϭ 9). Data analyses were done with two-way ANOVA and Tukey's post hoc comparison for each isoform: *P Ͻ 0.05 and **P Ͻ 0.01 compared with normoxic controls; #P Ͻ 0.05 and ##P Ͻ 0.001 compared with respective oxygen controls. monolayers exposed to hypoxia compared with normoxic controls and a reduction (51%) in this effect with posthypoxic reoxygenation. The present study expands on this finding by demonstrating that pretreatment of BBMEC monolayers with either a nonselective NOS inhibitor (L-NAME, 100 nM) or iNOS-selective inhibitor (1400W, 100 nM) also had a significant attenuating effect on hypoxia-induced increased permeability (Fig. 1) . Moreover, the combination of L-NAME or 1400W with posthypoxic reoxygenation improved the attenuating effect on hypoxia-induced permeability changes. In fact, inhibition of NO in combination with reoxygenation resulted in a permeability coefficient similar to normoxic controls (6.52 or 6.17 compared with 4.79 cm/min ϫ 10 Ϫ4 ). Some studies (13, 17, 27, 47) have demonstrated a release of NO as a result of hypoxic stress, whereas others (22, 31, 45) have examined the release of NO during reperfusion or reoxygenation. Few (13) have reported a beneficial response to hypoxic stress by inhibition of NOS in cerebral microvessel endothelial cells, and, to our knowledge, this is the first report of permeability changes in cerebral microvessel endothelial cells related to NO during hypoxia and/or posthypoxic reoxygenation within the same experimental paradigm. The attenuation of hypoxia-induced paracellular permeability changes by inhibition of NO synthesis alone or in combination with a return to normoxic conditions is critical in understanding cerebral microvascular cell dysfunction that occurs during hypoxic stress and/or posthypoxic reoxygenation. Whereas these data suggest that NO is a significant contributor to increased permeability during hypoxic stress, further investigation is necessary to understand what other cellular mediators (i.e., cytokines or ROS) and/or mechanisms are activated by hypoxic stress, which are attenuated by reoxygenation rather than inhibition of NOS.
In conjunction with changes in paracellular permeability, a significant increase (3.1-fold) in total NO level was observed in the culture medium of BBMEC monolayers exposed to hypoxia compared with normoxic controls (Table 1 ). The concentration of NO and its metabolites decreased by 86% on posthypoxic reoxygenation compared with the hypoxia-treated BBMECs. This decrease in total NO concentration parallels the changes seen in paracellular permeability (i.e., attenuation of the hypoxia-induced hyperpermeability effect on reoxygenation; Fig. 1 ). Furthermore, L-NAME treatment resulted in a decreased concentration of NO and its metabolites during hypoxic conditions compared with hypoxia without L-NAME treatment (Table 1) .
NO has been shown to have beneficial effects as a vasodilatory agent (31, 49) as well as have detrimental effects such as increased permeability in the mesenteric and cerebral microvasculature (4, 32) . Whereas NO has a wide range in half-life due to alterations in synthesis and degradation, these processes are dependent on the concentration of NO as well as the molecular environment of the tissue (see Refs. 19 and 24 for reviews). This observation may explain the increased total NO during hypoxic conditions and its rapid decline or metabolism on reoxygenation. Perhaps the metabolic pathway of NO or breakdown of its metabolites (i.e., NO 2 Ϫ and NO 3 Ϫ ), which accumulate during the hypoxic insult, is altered with the rapid increase in PO 2 during reoxygenation.
The primary degradation products of NO are NO 2 Ϫ and NO 3 Ϫ , but NO can also interact with heme proteins, ROS such as superoxide anion and hydrogen peroxide, and with itself to nitrosate or nitrosylate amino acid residues. It has been suggested that the reaction of NO with these oxygen radicals and proteins may be important in the breakdown of NO and be dependent on the concentration of these substances in various cells or tissues. Mason et al. (31) reported a protective effect of NO by demonstrating increased NO release concomitant with a reduced level of ROS in passaged cerebral capillary endothelial cells afer postanoxic reoxygenation. Whereas the treatment conditions were different from those used in our study, these results suggest that alterations in the level of NO and its metabolites during a hypoxic and posthypoxic reoxygenation event may depend on a decrease in NO synthesis or increase in metabolism and/or degradation.
Because NO is a gaseous molecule with a very short lifespan that makes it difficult to accurately measure or assess its effect, we used two different time points: two NO donors of varying half-life and two concentrations of one donor to assess the effects of NO on permeability in BBMECs. Increased [ 14 C]sucrose permeability in BBMEC monolayers has been seen as early as 6 h hypoxia with a maximal effect at 24 h (data not shown), which outlined the time points examined with the NO donors in this study. Furthermore, we used NO donors with different half-lives and different concentrations, which would release NO at or near levels previously used in other cellular systems (2, 29, 39) . The idea that hypoxia-induced hyperpermeability via NO is supported by our observations where NO released from DETANONOate had a direct effect on paracellular permeability in BBMECs (Fig. 2) . These data also suggest that exposure time and concentration of NO may be determinants in the severity of brain microvessel endothelium dysfunction during hypoxia because the higher concentration and longer half-life NO-donor had the most significant effect on permeability.
NO donors, such as sodium nitroprusside and 3-morpholinosydnonimine, have been shown to potentiate rather than inhibit cytoskeletal contraction in a cGMP-independent manner (7) . Furthermore, this action on the cytoskeleton was blocked by inhibition of PKC. These NO donors also have been shown to increase hepatocyte permeability, a known effect of PKC in this cell type, indicating that exogenous NO modulates the apicolateral cytoskeleton of hepatocytes via PKC activation rather than via cGMP or intracellular calcium (7). Ogawa et al. (36) demonstrated decreased levels of cAMP and adenyl cyclase activity, which correlated to increased permeability in endothelial monolayers exposed to hypoxic conditions. This effect was inhibited by the addition of dexamethasone (potentially by inhibition of phospholipase or PKA). Abbruscato et al. (1) showed that calcium channel inhibitors (nifedipine and SK/F-96365) reduced hypoxia & aglycemia-induced increases in BBMEC permeability. Because NO is produced constitutively by calcium-dependent eNOS and by calcium-independent iNOS, alterations in calcium levels may impact NO formation and other calciumdependent cellular mechanisms (e.g., kinase activation). Whereas NO is a membrane-permeable mediator that can modulate soluble guanylate cyclase, phosphokinases (PKA and PKG), phosphodiesterases, and transcription factors or react with amino acid residues (i.e., nitrosated or nitrosylated proteins) (7, 8, 12, 19, 35) , it is currently unknown whether these second messenger pathways are modulated by NO in the It has been suggested that inflammatory mediators are also important factors in contributing to ischemic brain injury (10, 44) . An increase in VEGF has been correlated with increased cerebral microvascular permeability in hypoxia-treated mice (42) , and this effect has been linked to activation of NO release and the subsequent increase in permeability in vitro (13, 14) . Separate from the NO-signaling pathway, hypoxia-induced cytokines may activate other intracellular pathways, which contribute to the total increase in permeability seen in the present study. In addition to VEGF, hypoxia has been associated with an increased release of other cytokines from the microvasculature (3), where an increased release of interleukin-6 was correlated with decreased transendothelial resistance, i.e., increased permeability in HUVEC cells exposed to hypoxia (1.5% O 2 ). Examination of other intracellular signaling pathways (e.g., prostaglandins or kinases) that are stimulated by these cytokines may clarify the NO-independent mechanisms that contribute to hypoxia-induced hyperpermeability under the current experimental paradigm.
Selective inhibition of the iNOS isoform has been demonstrated both in vivo and in vitro (15, 34) , and the use of 1400W has been shown to reduce cerebral infarct size in vivo (21, 38) . This supports the present study where a significant increase in iNOS expression (Fig. 3) , total NO production (Table 1) , and increased paracellular permeability (Fig. 1) was seen with hypoxic-treated BBMECs. Both the nonselective NOS inhibitor (L-NAME) and selective iNOS inhibitor (1400W) had similar attenuating effects in paracellular permeability during both hypoxia and posthypoxic reoxygenation treatments. This supports our hypothesis that a hypoxic insult stimulates NO production via the inducible isoform iNOS ultimately resulting in increased permeability of the cerebral microvasculature. Whereas there was no significant difference in the expression of total eNOS among the treatment groups (Fig. 3) , the possibility remains that activation of this isoform may occur under this experimental paradigm. Although it is unknown whether eNOS and iNOS may be differentially regulated during hypoxic and posthypoxic stress, measuring specific NOS isoform activity under these conditions will improve our understanding of how this cellular mediator is regulated. It is interesting to note that treatment with L-NAME alone caused an increase in iNOS expression, which may explain the increase in basal levels of NO released in L-NAME-treated groups (Table 1 and Fig. 3) .
Stimulation of different NOS isoforms (i.e., eNOS and iNOS) has been shown to have different effects on paracellular permeability in human umbilical vein endothelial cell monolayers (8) . Whereas nanomolar levels of estradiol stimulated eNOS, resulting in decreased paracellular permeability, micromolar concentrations stimulated iNOS, resulting in increased permeability (8) . The change in iNOS expression and increased release of NO in the cerebral microvessel endothelial cells may involve increased expression of hypoxia-inducible factor-1␣, which has been shown to activate transcription of iNOS gene expression in the pulmonary and cardiac endothelium following hypoxic exposure (23, 37) . Data from the present study and others (8, 16) suggest that eNOS and iNOS activity or protein expression may be regulated by the degree of stimulus or stress and that the total NO level may differentially modulate endothelial cell monolayer integrity. This is supported by our findings where increased total NO levels and iNOS expression parallel the increased paracellular permeability after hypoxic stress and that these effects are reduced on reoxygenation (Table 1 and Fig. 3) . Whereas a potential contribution by eNOS activity needs further clarification and the effects of L-NAME on iNOS and eNOS expression and the basal levels of NO remain unclear, it is possible that, due to location, NO produced by eNOS maintains barrier integrity, and NO produced by iNOS activates a signaling pathway(s) that leads to barrier dysfunction.
In summary, a hypoxic insult stimulates increased iNOS expression and total NO production, which correlate with increased paracellular permeability. This disruption in cerebral microvascular integrity is attenuated by inhibition of NOS.
Whereas NO formation appears to contribute to hypoxiainduced increased paracellular permeability, other cellular mediators and/or mechanisms (i.e., calcium modulation, cytokines, nitrosylation or phosphorylation of proteins, or PKC activation) that may be involved in disrupting tight junctional protein complexes require additional investigation. Understanding the sequence of cellular events stimulated by hypoxic stress and posthypoxic reoxygenation within cerebral microvascular endothelial cells will provide insight to develop better preventive measures and therapeutic approaches to reduce neuronal tissue damage that occurs following ischemic stroke and/or high-altitude exposure.
